A method of suppressing sound radiation to the far field of a near-field acoustic communication system 9 using an evanescent sound field is proposed. The amplitude of the evanescent sound field generated from an 10 infinite vibrating plate attenuates exponentially with increasing a distance from the surface of the vibrating 11 plate. However, a discontinuity of the sound field exists at the edge of the finite vibrating plate in practice, 12 which broadens the wavenumber spectrum. A sound wave radiates over the evanescent sound field because 13 of broadening of the wavenumber spectrum. Therefore, we calculated the optimum distribution of the 14 particle velocity on the vibrating plate to reduce the broadening of the wavenumber spectrum. We focused 15 on a window function that is utilized in the field of signal analysis for reducing the broadening of the 16 frequency spectrum. The optimization calculation is necessary for the design of window function suitable for 17 suppressing sound radiation and securing a spatial area for data communication. In addition, a wide frequency 18 bandwidth is required to increase the data transmission speed. Therefore, we investigated a suitable method 19 for calculating the sound pressure level at the far field to confirm the variation of the distribution of sound 20 pressure level determined on the basis of the window shape and frequency. The distribution of the sound 21 pressure level at a finite distance was in good agreement with that obtained at an infinite far field under 22 the condition generating the evanescent sound field. Consequently, the window function was optimized by 23 the method used to calculate the distribution of the sound pressure level at an infinite far field using the 24 wavenumber spectrum on the vibrating plate. According to the result of comparing the distributions of the 25 1/40 Japanese Journal of Applied Physics REGULAR PAPER sound pressure level in the cases with and without the window function, it was confirmed that the area 1 whose sound pressure level was reduced from the maximum level to -50 dB was extended. Additionally, we 2 designed a sound insulator so as to realize a similar distribution of the particle velocity to that obtained 3 using the optimized window function. Sound radiation was suppressed using a sound insulator put above 4 the vibrating surface in the simulation using the three-dimensional finite element method. On the basis of 5 this finding, it was suggested that near-field acoustic communication which suppressed sound radiation can 6 be realized by applying the optimized window function to the particle velocity field. 7 1. Introduction 8
Figures 5 and 6 respectively show the window functions and their wavenumber spectra. 21 The solid line, dashed line, chain line, and two-dot chain line in Fig. 5 show the trian-gular window, Hann window, cosine window, and Blackman window, respectively. It is 1 confirmed that the triangular window and cosine window have a large side lobe level. 2 However, the main lobe of the cosine window is the narrowest. The width of the main 3 lobe of the Hann window is identical to that of the triangular window. Nevertheless, 4 the spurious level of the Hann window is lower than that of the triangular window. On 5 the other hand, the Blackman window has the smallest spurious level and the widest 6 main lobe. Since these windows have different characteristics, optimization calculation 7 is necessary to determine the window function most suitable for data communication. 8 Figure 7 shows an example of a window function with a shoulder part consisting of a 9 cosine roll-off. This window is called the cosine roll-off window. The window function 10 is optimized by varying the ratio of the shoulder part to the flat part of the window, 11 as shown in Fig. 7 . To secure a large sound pressure level in the receivable area, the 12 minimum value of the window inside the receivable area is unity. 13 In addition, it is predicted that the sound pressure level of a sound wave leaking 14 to a far field changes with the ratio of k p to k. We have to take into account the 3. Sound pressure level with respect to frequency and window shape 1 3.1 Calculation of sound pressure level at far field of vibrating plate 2 In order to evaluate the sound wave leaking to the far field with respect to the frequency 3 and window shape under the condition that an evanescent sound field is generated, 4 we investigated calculation methods for the sound pressure level at a far field from a 5 vibrating plate. First, we used a calculation method for the sound pressure level at a 6 finite distance from the vibrating plate as a realistic method. Acoustic holography is a 7 well-known method for calculating the sound field on a plane using another sound field 8 on a parallel plane. 12-15) Acoustic holography can be utilized to evaluate the difference in 9 sound pressure level between the surface of the vibrating plate and an adjacent parallel 10 surface at a distance from the vibrating plate. [16] [17] [18] [19] [20] However, we should consider a sound 11 wave radiating at an angle given by following equation when the wavenumber k p of the 12 bending wave is smaller than the wavenumber k of the plane wave in air.
The surface at the far field used for evaluating the sound radiation in a finite length is not 14 on a parallel plane but on a spherical surface. Therefore, we used the Rayleigh integral to 15 calculate the sound pressure at any observation point. [21] [22] [23] Figure 8 shows the position the evaluation boundary. The calculation interval at the evaluation boundary was one-1 tenth of the maximum wavelength λ of the radiated sound. It was assumed that the 2 proposed acoustic transducer, which was surrounded by an infinite baffle at z = 0, 3 vibrated with a bending wave at the particle velocity v(x, t). Additionally, the particle 4 velocity distribution in the y-direction was assumed to be uniform within the width of 5 the vibrating plate. When the sound pressure radiating from a point r 0 = (x 0 , y 0 , z 0 ) 6 on the vibrating plate is observed at a point r = (x, y, z), the instantaneous velocity 7 potential w(r, t) at time t is given by:
where S, c, and u p are the vibrating surface, the sound speed of the plane wave in air, 9 and the amplitude of the bending vibration, respectively. The following equation was 10 utilized to perform harmonic analysis when exp(jωt) is separated from Eq. (3) in this 11 study:
The calculation intervals in the x-and y-directions on the vibrating surface were one-13 hundredth of the maximum wavelength λ p and one-tenth of λ p for the bending wave.
14 We also investigated a calculation method for the sound pressure level at an infinite 15 distance. The method employs the Frounhofer approximation to define the wavenumber 16 spectrum of a vibrating surface as the sound pressure level at an infinite far field. 24) The 17 wavenumber spectrum was calculated by performing a Fourier transform with respect 18 to the distribution of the sound pressure on the vibrating plate. The sound pressure level at the angle of an infinite distance was calculated by converting the wavenumber 1 k p into the angle using Eq. (1). The region of the vibrating plate and the calculation 2 area on the x-axis were -100≤ x ≤100 mm and -1,000≤ x ≤1,000 mm, respectively. The 3 calculation interval was λ p /100. For both methods, we compared the sound pressure 4 level at the far field under the condition where an evanescent sound field is generated, 5 i.e., k p > k, and that under the condition radiating sound wave, i.e., k p < k. Therefore, 
Results

9
We compared the distributions of the sound pressure level at a finite distance and 10 an infinite distance from the vibrating plate. The z-axis was set to 0 rad. The sound 11 pressure level was normalized using the maximum value in the range from −π/2 to π/2. pressure level at the evaluation boundary and that obtained at an infinite distance.
of the main lobe and that of the adjacent peak was approximately 13 dB. The sound 1 pressure level at the evaluation boundary also had a maximum value at π/4; however, 2 the main lobe was wider than that for the infinite distance. It is inferred that the sound 3 wave is radiated similarly to a beam from the finite vibrating plate, and the beam width 4 was too long relative to the circumference of the semicircle of the evaluation boundary, 5 as shown in Fig. 3(a) . Consequently, the sound pressure level at the evaluation boundary 6 was in disagreement with that obtained at the infinite distance. We aim to design a window function that reduces the maximum sound pressure level at a 9 far field to suppress the leakage of sound waves. Therefore, the error at the dip shown in Fig. 9 (a), differences in the level and the position at the peak between the cases of 12 a finite distance and an infinite distance are not observed under the condition that an 13 evanescent sound field is generated. Additionally, the method using the wavenumber 14 spectrum on the vibrating plate allows easier calculation than that using Eq. (4). Since 15 this study aims to suppress the radiation component of the evanescent sound field, 16 we evaluate the sound pressure level at the far field using the method in which the 17 wavenumber spectrum on the vibrating plate is calculated. The distribution of the particle velocity should be designed to suppress the sound 21 pressure level at the far field. Therefore, the sound pressure level at the far field from that the sound pressure level abruptly increased at approximately f = 10 kHz. The 5 frequency band below 15 kHz theoretically satisfies the condition that an evanescent 6 sound field is generated when the vibrating surface has an infinite length. However, it 7 was inferred that the main lobe of the wavenumber spectrum increased in width owing 8 to the length being finitely cut off in all windows. Therefore, part of the main lobe was 9 already smaller than the wavenumber k of the plane wave in air at f = 10 kHz. The 10 fact that the sound pressure level of the radiated sound is high in all windows indicates 11 that the frequency band above f = 10 kHz is unsuitable for limiting the communication 12 area to near the proposed acoustic transducer. In addition, the maximum sound pressure 13 level at the far field changed with the frequency, the length of the shoulder, and the 14 type of window. The window function in which the maximum sound pressure level is 15 small has to be designed to suppress sound radiation. However, the proposed acoustic 16 transducer aims to transmit acoustic data with a wide frequency bandwidth to allow 17 high data transmission speeds. It is also necessary to prevent sound from radiating at 18 a specific frequency so that sound noise as well as acoustic data do not leak. Therefore,
19
we optimize the window function in the frequency band 1≤ f ≤10 kHz so that the 20 maximum sound pressure level at the far field is minimized.
Procedure of optimization of window function 1
The limiting conditions in the optimization of the window function follow those in the 2 previous section, as shown in Fig. 7 . Here, we describe the evaluation function use in the 3 optimization. Similarly, the sound pressure level was calculated using the wavenumber 4 spectrum on the vibrating surface by the same method as that in the previous section.
5
The maximum sound pressure level of the radiated sound at the infinite far field from 6 the vibrating plate was calculated. The window function in which the maximum sound 7 pressure level at the far field has the smallest value in the frequency band 1≤ f ≤10 kHz 8 was obtained. Under these conditions, the optimization involves the following steps.
9
(1) The maximum sound pressure level L max at an infinite far field in the frequency 10 band 1≤ f ≤10 kHz for each shoulder length in the range of 0≤ l ≤100 mm is 11 calculated.
12
(2) The shoulder length of the optimal window that gives the minimum value of L max 13 in step (1) is searched for.
14 Using the evaluation function, the optimized window that suppresses sound radiation 15 at the far field when using the proposed acoustic transducer for data communication 16 was determined. L max for the triangular-type window, cosine roll-off window, cosine-type window, and of L max for the triangular-type window, cosine roll-off window, cosine-type window, and 1 Blackman-type window were 80, 84, 100, and 74 mm, respectively, as shown in Fig. 11 .
2
The corresponding values of L max were 12. 90, 18.98, 19.35, and 21.51 dB, respectively. 3 Thus, the triangular-type window with l = 80 mm, for which the minimum value of 4 L max was obtained among the four types of windows, was determined as the optimized 5 window.
6
The distribution of the sound pressure level on the xz-plane (y = 0) was calculated 7 using the Rayleigh integral to confirm that the sound pressure level depends on the 8 presence or absence of the optimized window. The calculation area in the sound field 9 was -500≤ x ≤500 mm and 0≤ z ≤1,000 mm. The calculation interval was 1 mm. Figure 12 shows the distribution of the sound pressure level on the xz-plane (y = 0). 3
where c and ω are the sound velocity in air and the angular frequency, respectively.
4
Here, the distribution of the particle velocity in the case that a porous material, as an 5 example of a sound insulator, is placed above the vibrating surface was calculated by 6 FEM simulation. The evanescent sound field was generated by interchanging the normal 7 particle velocity of a bending wave traveling in the positive x-direction on the vibrating 8 surface and that of the sound field. The pressure of the sound field was input into the 9 vibrating surface. The bending wave was assumed to be propagating with a frequency 10 of f = 6 kHz on the acrylic plate in accordance with Fig. 2 . The shape of the sound 11 insulator should be designed so that the distribution of the particle velocity above 12 the sound insulator is extremely close to that obtained using the optimized window 13 function. However, the attenuation characteristics in the porous material have not been 14 analyzed in detail when the material is placed in the evanescent sound field. On the other hand, it is well known that the amplitude decreases with increasing thickness of 1 the porous material in the case of a plane wave. Therefore, we investigate the possibility 2 of distributing the particle velocity above the vibrating surface using a sound insulator 3 with a continuous thickness distribution. The sound insulator had a wedge shape so 4 that the distribution of the particle velocity at the edge of the vibrating surface changes 5 smoothly. Figure 13 shows the shape of the sound insulator along with the sound field 6 and boundary conditions in the simulation. Since the sound field, vibrating surface, 7 and sound insulator were symmetric with respect to the xz-plane, only one side of the 8 symmetry plane was simulated so as to reduce the computational cost. Therefore, the 9 widths of the vibrating surface and sound insulator were 5 mm, i.e., half the width Figure 14 shows the distributions of the particle velocity at a distance of 1 mm from 2 the sound insulator (z = 9.96 mm) when f = 6 kHz. Figures 14(a) and 14(b) show the 3 distributions of the particle velocity obtained without and with the sound insulator, integral. In addition, in the result obtained without the sound insulator, the distribution 11 of the particle velocity at z = 9.96 mm was in good agreement with the ideal value in 12 that the particle velocity increased at the edge of the vibrating plate, as shown in 13 Fig. 14(a) . The results suggest that it is appropriate to calculate the distribution of the 
